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REMOTE SENSING OF TURBIDITY PI-UMES I N  LAKE ONTARIO1 
Edward J. Pluhowski, U. S. Geological Survey, Arlington, Virginia 
ABSTRACT 
P r e l i m i n a r y  a n a l y s e s  of  ERTS-1 imagery demon- 
s t r a t e s  t h e  u t i l i t y  of  t h e  s a t e l l i t e  t o  mon i to r  
t u r b i d i t y  plumes g e n e r a t e d  by t h e  W e l l a d  C a n a l ,  
and t h e  Genesee and Oswego r i v e r s .  Altno7~gh 
v i s i b l e  i n  h i g h  a l t i t u d e  p h o t o g r a p h s ,  t h e  
Niagara  R ive r  plume is  n o t  r e a 2 i l y  identifiable 
from s a t e l l i t e  imagery.  
The u t i l i t v  o f  h i g h - a l t i t t  t og raphy  i n  h y d r o l o g i c  
r e s e a r c h  h a s  been  under  s t u d y  i,. ..e Lake O n t a r i o  b a s i n  
s i n c e  J u l y  1970. These s t u d i e s ,  conducted  by She Canzda 
C e n t r e  f o r  I n l a n d  Wate r s ,  McMaster U n i v e r s i t y ,  Hami l ton ,  
O n t a r i o ,  Guelph U n i v e r s i t y ,  Guelph,  O n t a r i o ,  and t h e  U . S .  
G e o l o g i c a l  Survey a r e  c o n c e n t r a t e d  o v e r  t h e  w e s t e r n  n a r t  
o f  t h e  b a s i n  and t h e  s o u t h e r n  s h o r e l i n e  of t h e  l z k e .  The 
r e s e a r c h  e f f o r t s  f o c u s  on  s o i l  m o i s t u r e  and ground-water  
d e t e c t i o n ,  w a t e r  q u a l i t y ,  and t h e  s o u r c e s ,  movement and  
.- . 
'.it<, c)f s ed imen t  e n t e r i n g  t h e  l a k e .  
A new dimens ion  was added t o  t h e  r e s e a r c h  w i t h  t h e  
o r b i t i n g  of  t h e  ERTS-1 s a t e l l i t e  i n  ~ l y  1972. By way 
o f  i l l u s t r a t i o n ,  p romis ing  r e s u l t s  were o b t a i n e d  from 
h i g h  a l t i t u d e  (60 ,000  f t )  photography w i t h  r e g a r d * t o  
m o n i t o r i n g  t h e  shape  and a r e a  e x t e n t  of  t u r b i d i t y  plumes 
e n t e r i n g  t h e  l a k e ' s  s o u t h  s h o r e  (P luhowskl ,  1 9 7 3 ) .  How- 
e v e r ,  it was n o t  known how e f f e c t i v e  ERTS imagery would 
be i n  d e t e c t i n g  t u r b i d i t y  f e a t u r e s  g r e a t e r  t h a n  100 f t  
i n  w id th .  The p u r p o s e  o f  t h i s  p a p e r  i s  t o  p r o v i d e  p re -  
%.. 
l i m i n a r y  c o n c l u s i o n s  r e g a r d i n g  i d e n t i f i c a t i o n  of  t u r -  <t+ 
b i d i t y  plumes i n  Lake O n t a r i o  from ERTS-1 i n a g e r y ,  and . -2 
t o  d e f i n e  plume dynamics under  a  v a r i e t y  o f  wind s t r e s s e s .  '-cy 
. . 
: n 
* T u r b i d i t y - - t h e  d e g r e e  o f  opaqueness  o f  w a t e r  due  ~ r i n -  3 ,. ;Q 
c i p a l l y  t o  t h e  amount o f  : . spended matter* 
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The Niagara River is, by far, the largest single 
source of suspended sediment entering Lake Ontario. 
Additionally, over 200 mgd (million gallons per day) of 
industrial discharge from chemical, primary metals, and 
paper~plailts in New York State enter the Niagara River 
(Lirmos, 1972). Much of this effluent emanates in the 
Buffalo metropolitan area located at the eastern end of 
Lake Erie near the source of the Niagara River. This 
heavy sediment and industrial efflaent loading, when cna- 
bined with the very large average flow of the river ( a - ~ u t  
200,000 cfs) produces a widespread, well-defined tur- 
bidity plume in Lake Ontario in high-altitude photography. 
For example, figure 1 is a high-altitude (60,000 ft) 
photograph of the Xiagara 3iver plume obtained on July 6, 
,Fi 1 -High-altitude pf;3tograph obtained July 6 ,  1970, show- 
ing the h ~ a g a r a  River plumc :A, and the Welland Canal plume ( B ) .  
Photography from NASA. 
1972. The plume was oriented in a northwest direction at 
its mouth. It gradually veered to a ~ , , . r r t h  and finally to 
a east-northeast direct-icn in resposs,- to a brisk 10-15 
knot west-southwest wind. At its ekt- me point the plume 
was visible 6 miles cffshore. A rez.on of turbulent mix- 
ing is visible in the photograph along ths western edge of 
the Niagara River plume, and in a zone within the jet itself, 
about 1/4 mile northkest of the river's mouth. Highly 
- 1 ' --- / 1 \ I T -  
t u r b i d  w a t e r , d e p i c t e d  by very b r i g h t  t o n e s ,  was b e i n q  
d i s c h a i g e 3  a t  t h e  en+-ance t o  t h e  Welland Canal.. The 
c a n a l  i a  a f f e c t e d  by o i l  d i s c h a r g e  and w a s t e  fr,?m c a r g o  
v e s s e l s  and p l e a s u r e  c r a f t .  Ac -o rd ing ly ,  t h e  o u t f l o w  
from t h e  c a n a l ,  a v e r a g e  f l o w ,  7 , 0 0 0  c f s  ( D e ~ o o k ~ ,  1 3 6 8 )  
a p p e a r s  t r i g h t  i n  t h e  h i g h - a l t i t u d e  phc tography.  Once 
beyond t h e  c a n a l ' s  e n t r a n c e ,  t h e  Welland C a ~ a l  2 i s c h d r g c  
i s  swept t o  t h e  e a s t  by p r e v a i l i n g  w e s t  winds.  
When viewed from t h e  ERTS-1 s a t e l l i t e ,  t h e  Wclland 
Canal  plume and a  plume emanat ing  from P o r t  Da lhous i e  
h a r b o r  s e v e r a l  m i l e s  t o  t h e  w e s t  a r e  r e a d i l y  a p p a r e n t  
( f i g .  
. Fig. 2 .  - ERTS-1 imagery obtained hug. 21 ,  1972 sliowing the 
Niagara River ( A ) ,  Vell.and Canal plume ( H ) ,  Part I)alhousic harbor 
plume ( D ) ,  an:! the inferred  boundary of the Niagara River plume ( C 1 . e  
Imagery from SASII. 
T h i s  imaqzry ,  o b t a i n e d  August 2 1 ,  1971,  shows b o t h  
plumes d r i f t i n g  t o  t h e  e a s t - n o r t h e a s t  under  t h e  i n f l u e n c e  
of 10- to 15-knot west-southwest winds. The Niagara River 
plume i~ n o t  v i s i b l e .  D e s p i t e  i t s  l a r g e  sed imen t  l o a d ,  
t u r b i d i t y  v a l u e s  of  t!le N iaga ra  R ive r  a r e  low--genera l ly  
a b o u t  1 JTU ( J ackson  T u r b i d i t y  3 n i t ) .  By way o f  c o n t r a s t ,  
t u r b i t l i t y  r e a d i n g s  d u r i n g  t h e  s h i p p i n g  s e a s o n  a r e  h.l,qh i n  
t h e  Welland C a n a l ,  o f t e n  n e a r  5 0  JTU. Accord ing ly ,  t h e  
Welland Canal  p l u ~ t ~ c  a p p e a r s  much b r i g h t e r  i n  t h e  imagery 
t h a n  d o c s  t h e  Niaga ra  R ive r  ~ l u m e .  
Owing t o  a  un ique  combina t ion  o f  m e t e o r o l o g i c  and hydro-  
l o g i c  e v e n t s ,  t h e  w e s t  and n o r t h  b o u n d a r i e s  of tk,e N iaga ra  
R i v e r  plume were d e f i n a b l e  i n  t h e  imagery. Turb id  w a t e r s  
from t h e  Welland C a ~ a l  and Port D a l h o u s l e  h a r b o r  plume 
were d r i v e n  e a s t  toward t h e  mouth of t h e  Ni3gara R ive r .  
The bouyant  s u r f a c e - s p r e a d i n g  o f  t h e  warmer and l e s s  t u r b i d  
r i v e r  w a t e r  o v e r  t h e  c o l d e r  l a k e  w a t e r  forms a s h a r p  t o n a l  
discontinuity a l o n g  t h e  w e s t  and . ~ o r t h  b c u n d a r i e s  o f  t h e  
N i a y a r a  R i v e r  plum??. Thus,  d e s p i t e  t h e  absence  o f  a de- 
f i n l t i v e  t o n a l  s i g n a t u r e ,  t h e  a r e a l  e x t e n t  and shapz  of 
t h e  Niaga ra  R i v e r  plume can  be i n f e r r e d  from t h i s  imagery.  
The p o s i t i o n  and  shape  of t h e  Nia~' . ;a  R ive r  plume i s  
d i f f i c u l t  t o  d e f i n e  i n  ERTS imagery whenever t h e  su r r cund-  
i n g  l a k e  waters a r e  r e l a t i v e l y  c l e a r .  Ry way of  i l l u s t . r a -  
t i o n  p r e v a i l i n 7  n o r t h e i s t  w inds  on November 1, 1972,  swept  
b o t h  t h e  Welland Canal  a119 P o r t  D a l h o u s i e  h a r b o r  plumes 
away from the mouth o f  the Niaga ra  R ive r  (F ig .  3 ) .  T u r b i d i t y  
Pig. 3.- ERTS-1 imagery obtained Nov. 1, 1972 ,  showing tlie 
Niagara River (A), the Welland Canal plume ( B ) ,  and the Port Dalhousie 
harbor plume (C) . Imagery from NASA. 
l e v e l s  a t  t h e  t i m e  o f  t h i s  imagery wcre a s  f o l l o w s :  
T u r b i d i t y  
(JTY 
N i a g a r a  R lve r  ( a t  muiltli) 1 t o  1 .5  
P o r t  Da lhous i e  h a r b o r  6 to 8 
Welland Canal  2 5 
D e s p i t e  t h e  p r e s e n c e  o f  6 c i r r o s t r d c d s  c loud  o s e r -  
c a s t , t h e  r e l a t . l v e  t o n a l  i n t e n s i t y  of eacn watercoursc: i n  
t h e  imagery a2pears  t o  c o r r o b o r a t e  t h e  t u r b i d i t y  l e v e l s  
shown i n  t h s  above t a b l e .  Because t h e  t u r b i d  w a t e r s  were 
moving away from, r a t h e r  t h a n  t ~ w a r d  t h e  mouth o f  t h e  
Niagara R ive r ,  it i s  d i f f i c u l t  i f  n o t  imposs ib le  t o  
i d e n t i f y  t h e  Niagara  River  p l u r s  i n  t h i s  p a r t i c u l a r  inage .  
GENESEE RI'JER PLl1Y.E 
E r o d i b l e  s o i l s  and e x t e n s i v e  a g r i c u l t u r e  w i t h i n  i t s  
b a s i n  combine t o  i n s u r e  d e l i v e r y  o f  a l a r g e  supp ly  of s e d i -  
ment t o  t h e  Genesee Rive r .  I n  a d d i t i o n  t o  t h e  s i z e a b l e  
sediment y i e l d  of t h e  b d s i n ,  t h e  r i v e r  r e c e i v e s  e f f l u e n t s  
from many s o u r c e s ,  p a r i i c u l a r l y  from t h e  Roches ter ,  New 
York m e t r o p o l i t a n  a r e a .  The r e s u l t i n g  h i a h  t u r b i d i t y  
l e v e l s  a t  t h e  mouth of t h e  Genesee Rive r  impar t  a  d i s t i n c t l y  
l i g h t  c o l o r  t o  t h e  r i v e r  when viewed on a e r i a l  photographs.  
Accordingly ,  t h e  Genesee River plume Is e a s i l y  i d e n t i -  
f i a b l e  on most a e r i a l  photographs  owing t o  t h e  normally 
l a r g e  t o n a l  c o n t r a s t  between t h e  plume and t h e  s u r r o a n d i n g ,  
r e l a t i v e l y  c l e a r ,  wa'srs of  i,ake O n t a r i o .  
A wel l -de f ined  counter -c lockwise  c i r c u l a t i o n  p a t t e r n  
w i t h i n  t h e  Genesee River  plume was v i s i b l e  i n  t h e  high- 
a l t i t u d e  photography on October 19 ,  1970 (fig. 4 ) .  The 
Fig. 4.- High-altitude photograph obtained Oct. 19,  1970, showing 
the  Gcnesee River plume (A! and a subme.rged sewer o u t f a l l  (BZ. Photo- 
graphy from NASA. 
plume, c o v e r i n g  a b o u t  2 sq. m i .  o f  t h e  l a k e ' s  s u r f a c e ,  
was swept  westward by p r e v a i l i n g  6 - to  8-knot  e a s t - n o r t h e a s t  
winds.  A counter-cloc!:wise g y r e ,  formed t o  t h e  l e e  of  tne  
h ~ r b o r  b r e a k w a t e r ,  e x t e n d s  a b o u t  c n e  m i l e  downwind from 
t h e  mouth of  t h e  r i v e r  ( f i g .  4 ) .  T u r b i d i t y  l e v e l s  ranged  
from 9 JTU i n  t h e  Genesee R ive r  t o  1 t o  2 JTU i n  t h e  
clearer ( d a r k e r )  i n s h o r e  w a t e r s  a l o n g  t \ e  base of t h e  wes t  
b reakwa te r .  To t h e  w e s t  o f  t h e  plume, a s t r o n g  no r thwcs t -  
t r e n d i n g  l o n g s h o r c  c u r r e n t  i s  i d e n t i f i a b l e  i n  t h e  photo-  
g raph .  A less i n t e n s e  l i t t o r a l  c u r r e n t  i s  v i s i b l e  e a s t  
o f  t h e  b r e a k w a t e r  m i . i n g ,  a t  t h a t  p o i n t ,  w l t h  f low from 
t h e  Genesee R i v e r .  
E f f l u e n t  d i s c h a r g e  from a submerged sewer o n t . f a l 1  
s i t u a t e d  n e a r l y  2 m i l e s  o f f s h o r e  is  v i s i b l e  i n  t h e  photo-  
g raph .  On Oc tobe r  19 ,  1970,  p o l l u t a n t s  from t h e  o u t f a l l  
were swept  westward,  e v e n t u a l l y  merging w i t h  t h e  Genesee 
River plume a b o u t  1 m i l e  n o r t h e a s t  o f  t h e  r i v e r ' s  mouth. 
Two l a r g e  t u r b i d i t y  pluines emanat ing  from t h e  mouth 
of t h e  Ger r t s ee  R ive r  w e r ~ -  d e t e c t e d  i n  t h e  ERTS i n a ~ e r y  
o b t a i n e d  Sp?tember 6 ,  1972 ( f i g .  5). Suspended sed imen t  
*Fig. 5.- ERTS-1 imagery obtained Sept.  6, 1972, ahowing the 
Cenesee River plume ( A ) ,  a longshore plume ( B ) ,  and thc  Genesee 
River mouth ( C ) .  Imagery from NASA. 
c a r r i e d  by t h e  r i v e r  i n i t i a l l y  moves t o  t h e  e a s t  due t o  
p reva i l i ng  west-southwest winds. The plume ab rup t ly  
d iv ides  a s h o r t  d i s t ance  downwind, p a r t  moving northward 
i n t o  Lake on t a r fo  an$ t h e  remainder cont inued mcving e a s t  
along the  coas t  l i ne .  A t  a p o i n t  about 2 i/2 miles  o f f -  
rhore ,  t h e  northward moving plume once again abrupt ly  
changea d i r e c t i o n ,  t h i a  time t o  t he  weat. Thib anorr.alous 
p a t t e r n  of motion suggest8 t h e  ex i s t ence  of a l a r g e  counter-  
clockwise c lear-weter  gyre between t h e  mouth of t h e  Genesee 
a i v e r  and t h e  i n s i d e  boundaries of t h e  o f f sho re  plume. 
The eastward moving longshore plume i s  r e in fo rced  by 
t u r b i d i t y  from t h e  s r ev ious ly  mentioned sewer o u t f a l l ,  
by outflow from Irondequoit  Bay and sho re l i ne  e ros ion  
caused by waves approaching t h e  shore  a t  a l a r g e  angle  of 
incidence.  The re inforced  t u r b i d i t y  plume i s  c l e z r l y  
v i s i b l e  f o r  c d i s t ance  of 1 6  miles downwind from t h e  
Genesee River. 
OSWEGO RIVER PLUME 
A s u b s t a n t i a l  po r t i on  of t h e  sediment y i e l d  i n  t h e  
Oswego River bas in  is r e t a ined  by numerous n a t u r a l  lake:: 
end man-nade impoundme~ts found throughout t h e  watershec. 
About 6 percen t  of t h e  b a s i n ' s  5,100 sq.  m i .  a r e a  rqp-  
r e s e n t s  lake su r f aces  (Liu and o t h e r s ,  1972). Extensive 
reaches of the Oswegc River form p a r t  of t h e  New Yark State 
Barge Canal system. Owing t o  t he se  numerous man-made 
sediment s i nks ,  t g r b i d i t y  l e v e l s  a t  t h e  mouth of t h e  Oswego 
River a r e  lower thaq n!ight be expectsd.  Accordingly, t h e  
Oswego River plume apoears less i n t e n s e  i n  high a l t i . t ude  
a r e a l  photography than e i t h e r  t h e  Genesee Riyer o r  t h e  
Niagara River plumes. 
High t u r b i d i t y ,  p o r r i b l y  caured by bench e ros ion ,  i r  
'vident i n  t k -  A g h - a l t i t u d e  photograph obtained on 
October 13 ,  1970, ad jacen t  to ,  and t o  t h e  routhwest o f  
Burt  P c i n t  ( f i g .  6 ) .  The rho re l i ne  below Burt  Po in t  l a  
o r i en t ed  on a northmart-routhwert a x i s  para lLe l ing  t h e  
t h e  p t eva i i i ng  no r theas t  windr. ' A  s t rong ' l ong rho re  
c u r r a n t  generated by t h e  j ux t apo r i t i on  of r h o r e l i n e  and 
p reva i l i ng  wind8 r e r u l t e d  i n  a beach e ros ion ,  and t h e  
reaurpenrion of f ine-grained bottom mater ia la .  
The predominantly onrhore  windr on October 19, 1970, 
confined t h e  Oswego River plume t o  t h e  harbor and t o  t h e  
l e e  of t h e  harbor enclosure .  The a r e a  of t h e  p l u m ,  
inc lue ing  t h e  harbor ,  was only 1 . 2  eq.  m i .  The plurne.was 
only s l i g h t l y  more t u r b i d  than  t h e  surrounding l a k e  water 
-Fig. 6.- High-altitude photograph obtained Cct. 19, 1970, abwing 
the Oswegc River piume (A) and Eurt Point, S.Y. (Ej. Photography from 
NASA* 
s o  that it eppears j ~ s t  a few tones l ighter  than the 
re la t ive ly  c lear  l z k e  ~Taters. 
The Oswego River plume t r a i l s  o f f  to  the ncrthsast 
under predsminantly west-northwest winds as portrayed 
i n  the ERTS imagery for August 19, 1 9 7 2  ( f i g .  7 ) .  
Ipig. i s -  ERTS-1 imagery obtained Aug. 19, 1972, showing the 
Oswego River plume (A). Photography from NASA. 
844 
. 
Turbidity levels in the clear lake waters normally 
average about 1 JTU whereas base flow turbidity levels 
of about 3 to 5 JTU are common in the Oswego River. 
Thus, despite the small differences in ttrbidity between 
river and lake, the Oswego River plume is identifiable 
from sate'llite imagery. 
An intense zone of beach erosion over the western 
part of Lake Ontario was revealed by imagery obtained 
December 7, 1972 (fig. 8). 
- F i g .  8.- ERTS-1 imagery obtained Dec. 7, 1372, sharing 
longshore plumes. Imagery from NASA. 
strong northwest winds on December 6 and 7 gener- 
ated rough waters in Lake Ontario. The resultirg wave 
action and higher-than-normal lake levels along the 
lake's south shore resulted in extensive beach erosion. 
This is indicated by the thin but relatively sharp 
to~al discontinuities in the littoral zone bordering 
the ssuth shore. Another interesting feature in this 
imagery are the cloud formatic-1s developing over the 
lake and its leeward shores as the cold northwest winds 
gai., moisture in their traverse over the lake. 
CONCLUSIONS 
Large turbidity plumes generated by the Welland 
Canal, at Port Dalhousie harbor, and the Genesee 
and the Oswego rivers are plainly identifiable 
in E W S - 1  imagery and in high altitude photography. Al- 
though visibl:> in high altit~2e photographs, the Niagara 
River plume cmld not De visually identified from the 
satellite imagery. Zones of intense beach erosl3n are 
visible in both aircraft photography and satellite imagery. 
High altitude aircraft photography provided valuable 
"baseline" data which was very helpful in evaluating and 
interpreting ERTS-1 imagery. The high altitude photographs 
were small enough in scale to capture most turbidity features 
on a single frame and they were good enough in qualjty to 
show the fine det-ail in the most delicate turbidity features. 
With this ty2e of background information, it is possible 
to assess the quality and correctly interpret the hydrologic 
processes causing the turbidity phenomena illustrated by 
satnlli te imagery. 
Best results for detecting plumes were obtained using 
MSS band 5 -- little or no information could be gleaned 
from MSS band 7. MSS band 4 yielded generally good results, 
but at times appeared to be affected by haze an3 atmospheric 
moisture. MSS band 6 produced only slightly better results 
than band 7. 
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